The wireless communications is studied for the intelligent connected vehicles (ICV) networks by supporting heterogeneous access with direct access of one vehicle yet the dual-hop access of another vehicle. The dual-hop access is enhanced by one dedicated vehicle as relaying vehicle with multiple antennas. The goal in this paper is to joint design of both receive beamforming and transmit beamforming at the relaying multi-antenna vehicle to suppress the interference between the two wireless receive vehicles yet match the dual-hop wireless channel as much as possible. The energy efficiency is optimized as the objective function under the constraint of the limited power over every beamforming vector. Due to the difficulty of the optimization, the principle of the signal to leakage plus noise ratio (SLNR) is introduced to the studied ICV networks and thus to obtain the analytical expression of the beamforming vectors. With the derived closed form over all the beamforming vectors, an iterative algorithm is developed for jointly optimizing all the beamforming vectors to maximize the energy efficiency of the whole system, which is guaranteed to be convergent to one local optimum. Numerical simulations show the good performances of the proposed method in ICV networks.
I. INTRODUCTION
The intelligent connected vehicle networks (ICV) becomes very hot since the wireless information transmission in this networks is severely challenged by both the wireless channel transmission capability and the mobility of vehicles as addressed in [1] . There are extensive research results over the wireless connections in ICV networks by addressing the collision control [2] , performance analysis, channel estimation [3] , resource allocation [4] , interference management [5] , etc.
The associate editor coordinating the review of this manuscript and approving it for publication was Junhui Zhao . Access control over many potential vehicles to the ICV networks is one of the most important topic among the above mentioned research directions since it substantially affects the security, the wireless transmission rate, the interference management and the link reliability. For example, the authors in [6] propose a revised EDCA (Enhanced Distributed Channel Access) access protocol to the vehicular Ad Hoc networks, which addresses the quality of service (QoS) of the first level of the priority over real-time streaming wireless transmission. In [7] , the authors review the research progress over V2X access technology, which is also compared to IEEE 802.11 b or IEEE 802.11d as another access technology. In [8] , the latency is addressed for millimeter-wave wireless access over V2X networks, where the latency bound is derived theoretically by adjusting the beam alignment. The authors in [9] review the history development, standardization progress, and academic studies over V2X (vehicle to everything) and V2I (vehicle to infrastructure). In [10] , a clustering method is proposed for vehicle communications networks. Moreover, a power allocation scheme is also developed in [10] for wireless transmission rate maximization when this ICV networks employ NOMA (non-orthogonal multiple access) protocol. In [11] , an access scheme is proposed for mm-wave V2X systems by addressing the access in the domain of both angle and energy. The optimal access in time domain is theoretically proved for the highest throughput by analyzing the trade-off between time and throughput. In [12] , the number of the massive devices access to V2X is addressed by applying NOMA to V2X networks. A novel NOMA-based resource scheduling scheme is proposed for V2X communications system with extensive discussions. The authors in [13] emphasize the access latency of V2X with NOMA by performing both time slots and frequency sub-bands allocation at base station and power allocation at vehicles. A novel rotation matching algorithm is proposed in [13] to carry out the proposed resource allocation method for V2X networks. All of these results show that the research progress in V2X communications is very attractive.
All of the above mentioned studies do not place focus on the heterogeneous vehicle wireless communications. In fact, there are over forty journal papers about the heterogeneous V2V communications. For example, the authors in [14] design an algorithm to monitor urban environment collaboratively by maximizing the overall weight of the whole tasks. In [15] , a vehicle centric method is proposed to reduce the signaling latency in V2V communications by optimizing the network access/association and resource allocation. In [16] , a vehicle following framework is proposed to characterise the traffic flow with both regular and connected vehicles on road. It is theoretically that the intelligent connect vehicles indeed improve the traffic efficiency for the studied heterogeneous ICV networks. In [17] , a context aware algorithm is proposed for heterogeneous V2V communications consisting of both connected and automated vehicles. This algorithm enables each vehicle dynamically select its radio access technology (RAT), which approaches the theoretical upper bound performance. In [18] , a relaying system named as nearest-first is proposed for each mobile receiving vehicle to adaptively use LTE V2V (long term evolution based vehicle to vehicle) and DSRC (dedicated short range communications) in heterogeneous V2V networks. In [19] , an algorithm is proposed for associating vehicles to the best access point by maximizing the QoE (quality of experience) in vehicle to infrastructure (V2I) systems. V2V is also proposed to incorporate to V2I system to guarantee every vehicle QoE. In [20] , a Markov decision process based model is designed for allocating resources in cloud based heterogeneous V2V communications consisting of a couple of vehicles from different manufacture. All of these schemes are applicable for heterogeneous V2V communications. Nevertheless, the relaying V2V networks wait for new schemes for designing the proper relaying method over heterogeneous V2V communications.
There are only a few existing results over relaying V2V communications. In [21] , the outage probability is theoretically analyzed for vehicle to vehicle assisted by roadside unit as dedicated relay station, where this roadside unit works in either amplify-and-forward or decode-and-forward (DF) protocol. In [22] , both relay selection and sub-carrier allocation are jointly optimized for DF relaying V2V communications with eavesdropper as illegal receiver. In [23] , the similar studies are carried out for the V2V systems as in [22] by addressing the outdated channel sate information over double Nakagami wireless channel. All these results demonstrate the good performance the relaying V2V wireless communication. The existing v2v wireless communications methods donot address the heterogeneous access control in v2v communication networks. Specifically, there is no joint design of one receive beamforming and two transmit beamforming in the heterogeneous V2V communications by equipping multiple antennas on one vehicle as relaying node.
In this paper, we study the heterogenous access of the vehicle to vehicle wireless communications, which supports the simultaneous access of both direct link and dual-hop relaying link assisted by one dedicated vehicle as relaying node with multi-antenna. The key feature of the studied V2V system is that the strong interferences between the two data streams can be tackled by designing the joint one receive beamforming and two transmit beamforming vectors at the dedicated vehicle as relaying node as in Section II. In Section III, the optimization problem is formulated by maximizing the defined energy efficiency in the unit of the number of the bits in one second per Hertz in unit Joule. One of the key differences over the beamforming design in this paper from the counterpart in the existing papers is that one data stream involves both the receive and the transmit beamforming yet the other data stream involves the transmit beamforming only, which constitutes the key feature that is different from either the existing relaying beamforming or the existing nonrelaying transmit beamforming scenarios. Facing the key feature of beamforming design, the established optimization problem is very difficult to solve. Thus, we introduce the principle of the signal to leakage plus noise ratio (SLNR) from the multi-user MIMO precoding literature [24] to this system, which enables decoupling the whole complicated problem into three sub-problems with each corresponding to only one unknown beamforming vector. Concerning every sub-problem, the solution is successfully derived in analytical expression by employing the matrix properties. With the three solutions corresponding to the three sub-problems, an iterative algorithm is developed to jointly optimize the whole problem, where the convergence of the designed algorithm is guaranteed. Finally, the numerical simulations are presented in Section IV to verify the effectiveness of the proposed algorithm to the designed heterogenous access to ICV communications networks. Section V concludes the whole paper.
II. SYSTEM MODEL OF HETEROGENEOUS ACCESS IN ICV NETWORKS
As shown in Fig. 1 , we consider a heterogeneous access of intelligent connected vehicle wireless communications consisting of one transmit vehicle node, one receive vehicle node, one dual-hop receive vehicle node, and one multi-antenna vehicle node as dedicated relaying node. This relaying vehicle node is equipped M antennas yet all the other vehicle nodes have single antenna in ICV networks. All the noise is distributed with the additive white Gaussian (AWGN). All the wireless channel coefficients are distributed with independently complex Gaussian.
In the first channel resource such as time lot or frequency sub-band, the transmit vehicle node of the direct link sends its message to the receive vehicle node of the direct link via the wireless channel as
where p 0 is the transmit power from the transmit vehicle node of the direct link, h 0 ∼ CN(0, 1) is the wireless channel from the transmit vehicle node of the direct link to the receive vehicle node of the direct link, n 0 ∼ CN(0, 1) is the AWGN noise. Meanwhile, the signal from the transmit vehicle node of the direct link arrived at the relaying vehicle node is given by
where h 1 ∈ C M ×1 ∼ CN(0, I) is the wireless channel from the transmit vehicle node of the direct link to the relaying vehicle node, n 1 ∈ C M ×1 ∼ CN(0, I) is the AWGN noise received at the relaying vehicle node in the first channel resource block. The first message corresponding to the transmit vehicle node of the direct link transmitted from the relaying transmit vehicle node is described as
where v T 1 ∈ C 1×M is the receive row vector with the unit power at the relaying vehicle node for combining all the received message across all the M receive antennas, w 1 ∈ C 1×M is the column vector as the beamforming vector with unit power at the relaying vehicle node before entering the wireless channel from the relaying vehicle node, p 1 is the transmit power from the relaying vehicle node for the first data stream corresponding to the transmit vehicle node of the direct link. The transmit message for the dual-hop data steam from the relaying vehicle node intended to the receive vehicle node of the dual-hop link is given by
where p 3 is the transmit power for the dual-hop data stream intended to the receive vehicle node of the dual-hop link, the column vector w 3 ∈ C M ×1 with unit power is the beamforming vector at the relaying vehicle node, x 3 is the transmit wireless information with unit power directly to the receive vehicle node of the dual-hop link. Hence, all the transmit signals from the relaying vehicle node of the dual-hop link is described as
In the second channel resource such as time slot or frequency sub-band, the transmit signal from the relaying vehicle node t enters to the wireless channel intended to the receive vehicle node of the direct link and the receive vehicle node of the dual-hop link simultaneously. The signal received at the receive vehicle node of the direct link is described as
where the row vector h T 2 ∈ C 1×M is the wireless channel with the distribution h T 2 ∼ CN(0, I) from the dual-hop transmit vehicle node to the receive vehicle node of the direct link,n 2 is the AWGN noise received at the receive vehicle node of the direct link with the distribution n 2 ∼ CN(0, 1). At the same time, the signal received at the dual-hop receive vehicle node is described as
where the row vector h T 3 ∈ C 1×M is the wireless channel from the dual-hop transmit vehicle node to the dual-hop receive vehicle node with the distribution h T 3 ∼ CN(0, I), n 3 is the AWGN noise received at the dual-hop receive vehicle node with the distribution n 3 ∼ CN(0, 1).
The system model illustrated in Fig. 1 involves the multi-antenna relaying vehicle node yet all the other transmit and receive vehicle nodes have single antenna. This scenario can be easily generalized to the multi-antenna transmit/receive vehicle nodes by applying transmit/receive beamforming such as MRT (maximum ratio transmit) and MRC (maximum ratio combine) at the transmit multi-antenna vehicle node and the receive multi-antenna vehicle nodes, correspondingly.
The goal in this paper is to jointly optimize the receive beamforming vector v 1 , and two transmit beamforming vectors w 1 and w 3 for the multi-antenna relaying vehicle node to deal with the interferences between the two data streams with one for dual-hop relaying information and the other for the direct link information. The subsequent optimizations together with the problem formulation are presented in the next section.
III. JOINT OPTIMIZATION OF ONE RECEIVE BEAMFORMING VECTOR AND TWO TRANSMIT BEAMFORMING VECTORS AT DUAL-HOP RELAYING VEHICLE WITH MULTI-ANTENNA
In this section, we first formulate the optimization problem for the joint beamforming design of one receive vector and two transmit vectors at the relaying transmit vehicle node. The objective involved in the mentioned optimization is the energy efficiency maximization in the unit of the bit per second per Hertz in unit Joule. To solve the established mathematical problem, the complicated optimization problem is divided into three sub-problems, which can be solved in the derived analytical expression of the near optimal solution. Based on the derived analytical expressions, an iterative algorithm is developed to jointly optimize the beamforming vectors.
A. ENERGY EFFICIENT HETEROGENOUS ACCESS APPROACH PROBLEM FORMULATION
Based on Eq. (6), both the desired signal and the interference plus the noise can be expressed as
Thus, the signal to interference plus noise ratio (SINR) at the receive vehicle node of the direct link via the dual-hop wireless channel across the dedicated relaying vehicle node can be expressed as
where ||v 1 || 2 F = 1, and all the entries in the noise column vector n 1 are distributed independently.
Base on Eq. (7), both the desired signal and the interference at the receive vehicle node of the dual-hop can be described as
Thus, the SINR at the receive vehicle node of the dual-hop is described as
The energy efficiency φ is defined as the ratio of the instantaneous achievable rate over the corresponding power consumption as
which measures the number of the bits in one second per Hertz in unit power. The energy efficiency is one of the most key performances in 5G which measures the efficiency of the consumed energy by addressing the green communications. Thus, the optimization problem can be formulated as the maximization of the energy efficiency φ as
By substituting Eq. (9) and Eq. (11) to Eq. (13), we have The optimization problem as described in Eq. (14), as shown at the bottom of the next page, is too complicated to solve in the analytical expression since the order of the unknown parameters is as high as four, for instance, |w 1 v T 1 | 2 is involved in the numerator of the objective function. Thus, we propose to decompose this complicated problem into three sub-problems with each corresponding to one unknown parameter. For example, the only unknown parameter is v 1 when the other two unknown parameters w 1 and w 3 are fixed during the optimization for determining v 1 . It is similar to the other two cases corresponding to w 1 and w 3 respectively.
B. ANALYTICAL DESIGN OF RECEIVE BEAMFORMING AT DUAL-HOP RELAYING VEHICLE SUB-SYSTEM
For determining the vector v 1 , the sub-problem is reduced to (15) , as shown at the bottom of this page, where the following property is utilized since v T 1 h 1 is a scalar,
It is observed from from Eq. (15) that the first term in the numerator of the objective function is concave with respect to (w.r.t.) v 1 yet the second term in the corresponding part is convex w.r.t. v 1 . Thus, the convexity of the objective function w.r.t. v 1 cannot be assured, which means the existing convex optimization methods can not be applied to obtain the solution to v 1 . Fortunately, the principle of the signal to leakage plus noise ratio (SLNR) is introduced to solve this problem, where it is first invented for the traditional multiuser multi-input multi-output (MU-MIMO) systems about fifteen years ago [24] . The principle of SLNR measures the ratio of the constructive contribution of the interested signal over the destructive effect in the same systems.
Based on the principle of SLNR, the problem in Eq. (15) becomes
which shows that any vector with unit power could be the solution to this problem since the objective function in Eq. (17) is a constant. It is observed from the objective function of Eq. (17) that the only difference between the numerator and the denominator is h 2 in numerator yet h 3 in denominator. This is because the first data stream for the direct link after the receive beamforming and the transmit beamforming at the dedicated vehicle node as relaying node is the same before entering into the wireless channel h 2 and the counterpart h 3 . After the wireless channel fading, respectively, by h 2 (from the transmit vehicle node of the relaying node to the receive vehicle node of the direct link) and h 3 (from the transmit vehicle node of the relaying node to the receive vehicle node of the dual-hop link), this difference comes out. Thus, the solution to this problem shall be determined according to the principle of matching the wireless channel over h 1 which maximizes the power of the desired direct-link data stream at the receive vehicle node of the dual-hop link. Kindly note that the value of the denominator as the interference as shown in Eq. (11) can be minimized by designing the proper transmit beamforming vector w 1 at the transmit vehicle node of the relaying node. Finally, the solution to v 1 is expressed as
C. OPTIMIZATION OF TRANSMIT BEAMFORMING DESIGN FOR DIRECT ACCESS SUB-SYSTEM
In what follows, we deal with the second sub-problem which involves Eq. (14) w.r.t. the unknown parameter w 1 with the fixed value of v 1 and w 3 . According to the principle of SLNR, the mentioned optimization sub-problem over w 1 is given by
which can be equivalently converted into the form in terms of the Rayleigh ratio as
max
max v 1
It is observed from Eq. (20) that involved matrix
in the denominator is non-negative. Thus, it can be decomposed into
For descriptional convenience, we define,
It is also observed from Eq. (20) that the rank of the involved matrix
in the denominator is 1, which means that the reverse matrix does not exist. Thus, the freedom of the zero space over
is applied to the following derivations.
By substituting Eq. (22) into Eq. (20), we have
where the optimal solution to Eq. (23) is obtained as
Thus, we have
After the normalization according to the unit power constraint as required in Eq. (20) , the final expression of w 1 is obtained (26), as shown at the bottom of this page. To this end, the optimal transmit beamforming has been successfully obtained in closed form expression for the direct access vehicle node.
D. OPTIMIZED TRANSMIT BEAMFORMING FOR DUAL-HOP RELAYING SUB-NETWORK
Next, the third unknown parameter w 3 is waiting to optimize. By applying the principle of SLNR to the original problem in Eq. (14) , the corresponding sub-problem w.r.t. w 3 
where the matrix involved in the denominator is rank one. For the denominator, w 3 shall be located in the zero space of the wireless channel from the transmit vehicle node as relaying station to the direct-link receive vehicle node h 2 . For the numerator, w 3 shall be matched to the wireless channel from the transmit vehicle node of the relaying node to the receive vehicle node of the dual-hop link h 3 . Moreover, it is observed from Eq. (27) that the power of w 3 does not affect the value of the cost function. Thus, we can first determine the direction of the column vector w 3 . Then, the resulted solution is normalized to one for satisfying the constraint in Eq. (27) . For the written convenience, we definẽ
Thus, Eq. (27) can be equivalently expressed by
(29)
The optimal solution to Eq. (29) is obtained as
where max {·} denotes the eigen vector with unit power corresponding to largest eigen value. Finally, by substituting Eq. (31) into Eq. (28), we have
which can normalized to unit power for satisfying the constraint from Eq. (27) as
To this end, all of the three unknown parameters w 1 , w 3 and v 1 have been optimized to analytical expression by maximizing the energy efficiency objective function, where the principle of SLNR is introduced to the formulated problem for the subsequent tractable optimizations.
E. JOINT OPTIMIZATION OF ONE RECEIVE BEAMFORMING AND TWO TRANSMIT BEAMFORMING VECTORS FOR MULTI-ANTENNA ENHANCED ICV NETWORKS
The developed algorithm is described in Algorithm 1. The convergence of the proposed iterative algorithm is guaranteed since the updated value of the cost function after each iteration becomes greater with proper designed beamforming vector v 1 , w 1 and w 3 . Meanwhile, the maximum of the cost function in terms of the energy efficiency exists. Thus, the final solution after many iterations approaches to the 
where ε > 0.
maximum with very slight gap between the obtained local maximum and the global maximum. It is noted that all the conclusions are based on the assumption that full channel state information (CSI) available at the transmit and the relaying vehicle nodes. If this assumption is not satisfied, for instance, only channel statistics are available at the transmit vehicle nodes, the final solution has to be re-obtained by solving the new optimization problem that involves only channel statistics without any instantaneous channel coefficients. The new optimization problem can be formulated by calculating both the cost function and the constraints as functions of the channel statistics. Then, the similar methods can be applied to solve the new problem for the new scenario involving channel statistics. The formulated algorithm can achieve substantial gain as shown in numerical simulations. Yet, the cost over achieving the corresponding gain is involving more computational complexity.
In this section, we first formulate the optimization problem for the joint beamforming design over the dual-hop relaying data stream and the direct wireless data stream at the transmit vehicle node of the relaying node. The goal is to discover the analytical expression of the optimal solution for the best result from the energy efficiency point of view. The difficulty in deriving the close-form solution is tackled by introducing the principle of the signal to leakage plus noise ratio (SLNR) to maximize the positive contribution of the desired signal yet minimize the negative effect of the interference both from the same beamforming vector. Based on this principle, the original complicated problem is decomposed into three sub-problems, which is solved in analytical expression. Finally, an iterative algorithm is developed to jointly optimize the three unknown beamforming vectors until it converges to the local minimum value.
IV. NUMERICAL SIMULATIONS AND DISCUSSIONS
In this section, the numerical simulations are demonstrated by using the Monte Carlo method. All the wireless channel coefficients in ICV communications are distributed independently with the identical distribution CN(0, 1) . All the noise are the additive white Gaussian noise. The number of recycles in Monte Carlo simulations is set to 10000. The number of the antennas on the transmit vehicle node as relaying node is set to M = 2, 4, 6. All the transmit power are set to p 0 = p 1 = p 3 = p. Fig. 2 plots the achievable data rate in the unit of the number of bits in one second per Hertz over the varying transmit power p in dB for three regimes of antenna configuration on the transmit vehicle node as relaying station M = 2, 4, 6. For instance, at p = 15dB, the data rate achieved by the proposed method is 5b/s/Hz, 6.8b/s/Hz, and 7.2 b/s/Hz, respectively, corresponding to the case of M = 2, 4, 6. For any given value of the transmit power p, it is observed from Fig. 2 that the gain from the additional antennas on the transmit vehicle node as relaying station becomes smaller with the increase of the number of antennas. The reason to this phenomenon is that the interference between the direct-link and the dual-hop data streams has been solved properly with very slight residual interference after the proposed beamforming method. Thus, the gain from the interference suppression has already been exploited. In this case, the gain from additional antennas on the transmit vehicle node as relaying station lies in the receive antenna diversity gain over the direct-link data stream and the transmit antenna diversity gain over both direct-link and dualhop relaying data streams. Moreover, it is discovered from Fig. 2 that the gain between any two curves becomes greater with the increase of the transmit power p. This is because the interference becomes stronger in the high power regime for any given number of antennas on the transmit vehicle node as relaying station. Thus, the additional antennas can suppress the interference more properly with the larger space freedom as result of using more antennas on the transmit vehicle node as relaying station, which supplies more achievable rate gain in this case. Fig. 3 presents the energy efficiency realized by our proposed joint receive and transmit beamforming method over the varying values of the transmit power. It is seen from Fig. 3 that every curve with each corresponding to M = 2, 4, 6 antennas on the transmit vehicle node as relaying station drops greatly with the increase of the transmit power p. For instance, the value of energy efficiency is 0.83b/s/Hz at p = 0dB and M = 6 yet becomes almost zero after p ≥ 20dB at the same configuration of antennas. This is because the definition of the energy efficiency performance is expressed in terms of the fractional form which involves the denominator of the consumed power. For the maximization of this fractional form, the value becomes the positive infinitely when the value of the transmit power p approaches to zero. On the other hand, the numerator of this fractional form is the achievable data rate corresponding to consumed power. With the growing value of p, the value of numerator R increases in the log 2 (·) growth yet the denominator grows in the linear growth. Thus, the value of the energy efficiency is reducing with the growing transmit power p. Besides, the gap between any two curves becomes smaller with the increasing p, which is resulted from the fact that every denominator approaches to positive infinitely regardless of the achieved data rate. It is noticed that the gap between any two curves in the low power regime is very large, yet this gap becomes smaller in the the high power regime. This is because the energy efficiency decreases with the increase of the transmit power. In the high regime of the transmit power, the increase of the achievable rate is smaller compared to the increase of the exhausted power. Hence, the energy efficiency as the ratio of the achievable rate over the corresponding power becomes smaller. Finally, all the curves converges to the similar lower value. Fig. 4 shows the MSE of the proposed beamforming method as a function of the transmit power p. The symbol error rate becomes substantially better with using more antennas on the transmit vehicle node as relaying station for any given value of transmit power. Yet, this gain becomes more and more slightly with the increasing power. All the simulations are over the flat-fading channels. Concerning the non-flat fading channels, the OFDM (Orthogonal frequency division multiplexing) technique can be applied to convert the wide-band channel into multiple parallel narrow-band subchannels. On every sub-channel, our proposed method can directly applied. In this way, our proposed method can be applied to the non-flat fading channels.
V. CONCLUSION
In this paper we have developed an approach to facilitate the coexistence of the direct-link access and the dual-hop access to the same intelligent connected vehicles networks. To deal with the interferences between the two data streams, the multi-antenna technique is applied to the dual-hop relaying vehicle which can resort to beamforming for interference suppress. The key feature of this paper is the energy efficient optimization of both the receive and transmit beamforming vectors design for the first ICV sub-network as well as the transmit beamforming design for the dual-hop ICV sub-network. To tackle solving the complicated optimization problem, the principle of signal to leakage plus noise ratio is introduced to divide the whole problem into three subproblems. By exploiting the matrix properties, the solution to every sub-problem is derived in the analytical expression. Finally, a three-step algorithm is developed to jointly optimize all the beamforming vectors in the iterative manner. The proposed approach in this paper substantially suppresses the interferences and thus improves the energy efficiency performances for the heterogenous access to the ICV networks. The proposed method can directly applied to the general scenarios with each vehicle node having multiple antenna by employing MRT and MRC at the corresponding transmit vehicle node and the receive vehicle node. 
